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Introduction
This study was designed to investigate the effects of prostaglandin El on reductive stress and the subsequent oxidative cell injury in hypoperfused rat liver. The intralobular heterogeneity of hepatocellular redox state, mitochondrial dysfunction, and intracellular hydroperoxide formation were visually monitored by digital microfluorography of pyridine nucleotide autofluorescence, rhodamine 123, and dichlorofluorescein fluorescence, respectively. Under the 25% low flow perfusion, pyridine nucleotide autofluorescence increased time-dependently and reached a steady state at 10 min among the entire lobules. The decrease in mitochondrial membrane potential was > 20 mV in all portions of the lobules at 60 min. The onset of hydroperoxide formation was observed at 40 min in the marginally oxygenated proximal portion of anoxic pericentral regions and the oxidative impact reached a maximum level at 60 min. Sodium (-)-8-(3-methoxy4-phenylsulfinylphenyl) pyrazo 11 ,5-aJ-1,3,5-triazine4-olate monohydrate (BOF 4272), a novel xanthine oxidase inhibitor, suppressed the zone-specific oxidative changes without attenuating the increase in pyridine nucleotide autofluorescence and mitochondrial dysfunction. Pretreatment with prostaglandin El not only abrogated an early increase in pyridine nucleotide fluorescence and mitochondrial dysfunction induced by hypoperfusion but also diminished the subsequent midzonal oxidative injury. Since prostaglandin El has no oxyradical-scavenging action, the preventive effect of this reagent on the hypoxia-induced oxidative cell injury is attributable to the attenuation of mitochondrial dysfunction. These results suggest that, in low flow hypoxia, early reductive stress plays a key role in the initiation of xanthine oxidase-mediated midzonal oxidative changes, which may lead to subsequent centrilobular necrosis. (J. Clin. Invest. 1994. 93:155-164.) Key words: hypoxia * xanthine oxidase * oxygen radicals * nicotinamide adenine dinucleotide reduced form * redox state Preliminary reports of this work were presented at the annual meeting of the American Association for the Study of Liver Diseases, Chicago, Hypoxic liver injury is of major clinical importance in hemorrhagic shock, endotoxemia, metabolic disorders induced by ethanol administration (1, 2) , and primary nonfunction in liver transplantation (3) . There is a body of evidence showing that mitochondrial damage due to impaired oxygen supply is important as a mechanism of irreversible liver injury. Lemasters et al. ( I ), who examined isolated rat hepatocytes exposed to anoxia-mimicking reagents, has stated that a decrease in mitochondrial inner membrane potential may play a crucial role in bleb formation and subsequent cell death. When the liver is exposed to the prolonged impairment of sinusoidal blood supply, the mitochondrial function of hepatocytes in anoxic pericentral regions should be more easily impaired than in relatively well-oxygenated periportal regions. Accordingly, during low flow hypoxia in which an intralobular gradient of oxygen supply is observed, hepatocytes in the most distal portion of microcirculatory units are expected to show a loss of viability followed by the extension of the damage towards the proximal portion of the lobule.
However, the actual time course of the intralobular distribution of cell injury during hypoxia seems quite different. According to Marotto et al. (4) , low flow hypoxia-induced cell injury occurs first in the intermediate zone between the periportal and pericentral regions and extends towards the distal portion of hepatic microcirculatory units, producing centrilobular necrosis. Furthermore, our recent observation has revealed that, even under hypoxic condition, the oxidative stress occurs paradoxically in the midzonal region rather than in the anoxic pericentral regions (5) . Because of these findings, the relationship between mitochondrial dysfunction and oxygen radical formation in hypoxic liver injury remains unclear.
The aim of this study is to investigate the mechanism by which hypoxia-induced mitochondrial dysfunction evokes oxidative cell injury during 25% low flow hypoxia. To that effect, we used dual-color digital microfluorography using two different functional fluorescence probes, rhodamine 123 (Rh 123)' and propidium iodide (PI), which revealed spatial and temporal alterations of mitochondrial function and cell death simultaneously in a hepatic microcirculatory unit ( 1, 6 pyridine nucleotide (NAD [ P] H) autofluorescence during hypoxia were investigated as a marker ofreductive stress (7, 8) . We also investigated microtopography of oxidative changes in the hypoperfused liver using a hydroperoxide-sensitive fluorochrome, dichlorofluorescein (DCFH) diacetate (5, 9-1 1). Among these functional parameters, our study showed that panlobular elevation of pyridine nucleotide fluorescence is a significant phenomenon that occurs in the earliest period of hypoxia. We have demonstrated a distinct effect of PGE, on hypoxia-induced oxidative cell injury via its preventive action on mitochondrial dysfunction, i.e., PGE1 significantly attenuated early panlobular reductive stress, depression of mitochondrial membrane potential, and subsequent midzonal oxidative injury during the 25% low flow hypoxia. Since PGEI per se has no oxyradical-scavenging action, the preventive effect of this reagent on hypoxia-induced oxidative cell injury seems to be a consequence of attenuation of mitochondrial dysfunction, which may diminish ATP degradation and subsequent xanthine oxidase-mediated oxidant formation in incompletely oxygenated midzonal regions.
Methods
Animal preparation. Male Wistar rats (200-240 g) allowed free access to laboratory chow and tap water were fasted 24 h before experiments. After the animals were anesthetized with pentobarbital sodium (30 mg/kg intraperitoneally), the livers were perfused with hemoglobinand albumin-free Krebs-Henseleit bicarbonate-buffered solution (pH 7.4, 370C) gassed with carbogen (95% 02, 5% C02) as described previously (5, 6). The perfusate was pumped through the liver with a peristaltic pump at a constant flow rate (3.0 ml/min per g liver wt) in a single pass mode. Low flow hypoxia was performed by reducing the perfusion rate at 25% of the control flow rate (5, 6).
Dual-color microfluorography using rhodamine 123 andpropidium iodide. Rh 123 is a fluorescent dye that accumulates electrophoretically in the mitochondria of viable cells in response to a potential difference (A'I') across the mitochondrial membrane (1, 12) . Namely, Rh 123 was dissolved in the perfusate to yield a final concentration of 0.8 AM, which is low enough to maintain the mitochondrial viability of hepatocytes (12) . The isolated liver was perfused with the Rh 123-containing Krebs-Henseleit solution by transportal infusion for 10 min. The Rh 123 remaining in the intravascular space was washed out by perfusing an Rh123-free perfusate for 10 min. Then, PI was added to the perfusate to give a final concentration of 1.0 AM to assess cell viability (5, 6, 9, 11) . Under epiillumination at 480 nm, Rh 123-associated fluorescence was passed through a 520-nm band pass filter (BA 520; Nikon, Tokyo, Japan). PI-associated fluorescence was visualized by epiilluminating at 535 nm with passage through a 590-nm band pass filter (BA 590; Nikon). By changing the filter combination, both PI-and Rh 123-derived hepatic fluorographs were alternately visualized using a silicon-intensified target camera (C-2400-08; Hamamatsu Photonics, Hamamatsu, Japan) and a quartz objective lens (at a magnification of 10). These fluorographs were digitally processed and analyzed with a computer-assisted image processor (ARGUS 200; Hamamatsu Photonics, Hamamatsu, Japan) (5, 6, 13, 14) .
Data analysis of Rh123-and PI-fluorographs. After the PI-and Rh 123-fluorographs were taken, a 2.0% solution of FITC-BSA was injected into the perfusion circuit at a rate of 100 ,ul/s for 3 s to facilitate recognition of the topography of the hepatic microangioarchitecture and the state of perfusion in the individual lobules under observation. The time course of the fluorescence tracer was recorded into a digital videorecorder (S-VHS-HQ; Victor-JVC, Tokyo, Japan). The lobular landmarks, terminal portal venules (P) and central venules (C), were identified using our previous methods described elsewhere (5, 6 (6):
where K is the constant obtained using the Nernst equation and assumed to be 59 (mV), according to the methods described by Lemasters et al. ( 1, 6, 15) . In another set of experiments, the outlet perfusate was sampled at the end of experiments ( 120 min after the start of hypoperfusion) and stored at -80'C to determine the activity of lactate dehydrogenase (LDH) according to the previous method ( 16 
After completing the observation period for PN autofluorography (20 min), a 2.0% solution of FITC-BSA was injected to the perfusate circuit at a rate of 100 gl/s for 3 s and the dynamics of sinusoidal perfusion were videotaped to facilitate recognition ofthe topography of the hepatic microangioarchitecture. To determine whether PGE1 administration may influence local perfusion during the low flow hypoxia, the difference of in situ sinusoidal flow was evaluated in the livers treated with and without the reagent. The replayed video images showing FITC-BSA hepatic microangiography were then introduced into an offline videodensitometer (Capiflow; IM-Capiflow, Kista, Sweden), which allowed us to show the temporal profile analysis of the changes in fluorescence at desired portions of the hepatic lobules under observation (5). Briefly, temporal profiles of the intensity of FITC-BSA fluorescence were traced in periportal regions (P) as well as in the distal pericentral regions adjacent to central venules (C) using two square video windows (50 x 50 jLm2). Time when the peak fluorescence intensity was obtained in each portion was automatically recorded after the dye injection. Since there is a delay of time at the peak fluorescence intensity in the pericentral region, the velocity ofsinusoidal FITC-BSA movement in the individual lobules (Vp c) can be measured as follows:
where Lp-c is the distance between the centers of the measurement windows in periportal and pericentral regions, and ATp-c is the time delay of the peak intensity in the periportal and pericentral regions. By changing the position of these windows to different venules, three to four measurements were able to be carried out in a single experiment. Such measurements were repeated using livers taken from six animals (low flow [LF] 'Aw:
4-hydroxypyrazolo [l,5-a]-1,3,5-triazine) were gifts from Otsuka Pharmaceutical Factory, Inc., (Naruto, Japan). Although the chemical structure of BOF4272 is similar to that of BOF4249, the K1 values of BOF4272 and BOF4249 for xanthine oxidase were ranged at the order of l0-9 M and l0-5 M, respectively (18) . To confirm the specific inhibitory effects of BOF4272 on xanthine oxidase-mediated oxidative changes in hypoperfused liver, either ofthese reagents was added to the perfusate at a final concentration of 10 nM, 20 min before the start of 25% low flow hypoxia in a separate set of experiments.
To check the nonspecific free radical-scavenging properties of PGEI, BOF4272, and BOF4249, the in vitro effects ofthese reagents on xanthine oxidase-dependent superoxide production were assessed by a chemiluminescence method using a luciferin analogue, 2-methyl-6-(Pmethoxy-phenyl-3,7-dihydroimidazo [1,2-a] pyrazin-3-one [methyl cypridina luciferin analogue]) (MCLA) (19, 20 cence activities were evoked by adding phorbol myristate acetate to a final concentration of 0.1 tg/ml. The maximum chemiluminescence activities were monitored using the aforementioned luminometer and compared among groups with and without reagents (21 ). Experimental groups and statistical analysis. 30 animals were used for each experimental group using different fluorogenic probes (rhodamine 123/propidium iodide, dichlorofluorescin diacetate, and PN autofluorescence). These animals were divided into five subgroups (control, LF, PGE1 plus LF, BOF4272 plus LF, and BOF4249 plus LF; n = 6 for each). 18 animals were used for the LDH assay in the perfusate sampled from hypoperfused livers (control, LF, PGE1 plus LF; n = 6 for each). Differences of the data among the groups were analyzed by two-way ANOVA combined with Scheffe-type multiple comparison test. A value of P < 0.01 was considered significant. Results PGE, attenuates early reductive stress in hypoperfused liver. Fig. I illustrates spatial and temporal alterations in PN autofluorescence during the 25% low flow hypoxia. As reported previously (7), ultraviolet epiillumination evoked not only diffuse parenchymal autofluorescence (NAD [ P] H) but also multiple patchy autofluorescence in perisinusoidal regions which is derived from vitamin A in Ito cells. After the liver was exposed to a continuous ultraviolet epiillumination for 30 s, a majority of vitamin A autofluorescence was eliminated because of its rapid photobleaching property (7, 8) . While diffuse parenchymal autofluorescence also decreased slightly (< 10% of control), the fluorescence intensity showed a rapid recovery and reached a plateau level within 10 min after completing the epiillumination for vitamin A photobleaching (Fig. 1 B) . Under normoperfusion, NAD(P)H autofluorescence in pericentral regions was slightly higher than in periportal regions, showing an intralobular gradient. Fig. 2 shows semiquantitative patterns of intrahepatic PN autofluorescence during the low flow hypoxia. The NAD(P)H level in the pericentral region was always higher than that in the periportal region, showing an intralobular gradient of the autofluorescence. After starting hypoperfusion, PN autofluorescence underwent a rapid increase throughout lobules and the initial gradient of NAD(P)H elevation was steeper in periportal regions than in pericentral regions. Within 10 min of the hypoperfusion period, intrahepatic NAD(P)H intensity reached a plateau and the intralobular gradient of fluorescence was eliminated (Fig. I  C) 4 illustrates spatial and temporal alterations in net depletion of mitochondrial membrane potential (dAT) among groups. In low flow hypoxia, a significant ATI decrease was observed in pericentral regions at 20 min (regions expressed by 75% and C in plots of Fig. 4) . The At values decreased significantly in the entire lobules at 40 min and the actual A'T decrease reached > 20 mV in all portions of the lobules at 60 min. When hypoxia was prolonged to 100 min there was a large A'T fall, especially in the pericentral regions. PGEI treatment significantly prevented the hypoxia-induced depletion of mitochondrial membrane potential at all measurement sites during the entire course of observation. However, neither BOF4272, a specific xanthine oxidase inhibitor, nor BOF4249 displayed any significant inhibitory effect on the A\T depletion during the entire period of observation, suggesting that blockade of xanthine oxidase may not improve the hypoxia-induced mitochondrial dysfunction.
PGEJ prevents zone-specific cell death during lowflow hypoxia. As described elsewhere (5, 6) , cell death first occurred in the midzonal regions in the midway between P and C -40 min after starting low flow perfusion. Early midzonal cell death extended towards the periphery of hepatic lobules in a time-dependent manner, resulting in centrilobular necrosis. Fig. 5 shows a semiquantitative analysis of the PI-associated fluorographs. Pretreatment with BOF4272 significantly delayed the onset of the midzonal cell death and reduced the centrilobular necrosis. Pretreatment with BOF4249 had no inhibitory effect on hypoxic cell death. These data suggest that zone-specific cell death during the low flow hypoxia involves a mechanism depending on xanthine oxidase. PGEI treatment also attenuated zone-specific cell injury. To confirm the extracellular enzyme release as a consequence of centrilobular necrosis, the LDH activity was determined in the outlet perfusate at 120 min after the start of low flow hypoxia (Table I ). The 25% low flow perfusion for 120 min induced a significant increase in the LDH levels. PGE, pretreatment significantly attenuated the enzyme release induced by hypoperfusion.
Prevention ofhypoxia-inducedparadoxical oxidative stress by PGE,. In the hypoperfused liver, the intensity of DCF fluo- Therefore, we inquired whether the attenuating effect of PGE, or BOF4272 on oxidative stress might be associated with their nonspecific oxyradical-scavenging properties. To clarify this possibility the effects of these reagents on an in vitro oxidant-producing system were evaluated. As shown in Fig. 7 
Discussion
This study has demonstrated the time course and topographic distribution of reductive stress and subsequent mitochondrial We reported that early midzonal oxidative changes were observed as early as 20-40 min after starting the 25% low flow hypoxia and were followed by cell injury in the same regions (5, 8) . Using the same experimental model, the current data show that intrahepatic saturation of NAD( P)H takes place as early as 10-20 min after starting hypoperfusion in the liver, and this early reductive change precedes a decrease in mitochondrial inner membrane potential. Intrahepatic pyridine nucleotide autofluorescence has been used as an index of impaired tissue oxygen supply and reductive changes after ultraviolet-elicited reflectance spectrophotometry became available (22) . However, the pathological relevance of NADH has recently been reevaluated as a crucial factor of free radical-dependent tissue injury rather than as a mere index oftissue oxygenation.
Although we demonstrated the early midzonal hydroperoxide formation during low flow hypoxia (5) , it was still unclear how the liver could be exposed to oxidative stress under relatively reductive conditions. In our previous report, pretreatment with allopurinol attenuated the zone-specific oxidative stress and subsequent centrilobular necrosis, suggesting involvement of xanthine oxidase in the oxidant-dependent cell injury mechanism. However, these findings were inconsistent with the hypothesis that the enzyme conversion from xanthine dehydrogenase to its oxyradical-producing oxidase form is a prerequisite for oxidative injury (23) . Namely, since the percentage of the xanthine oxidase activity versus total oxidoreductase activity was -25% during normoperfusion and showed only an additional 5% increase after 60-min hypoxic perfusion (24) , the time for the enzyme conversion is too long to explain the early oxidative changes in this model. We have therefore reexamined the involvement of xanthine oxidase in the early oxidative changes by using a novel synthetic xanthine oxidase inhibitor, BOF4272. The specific cell injury in hypoperfused liver. These results suggest the involvement of another mechanism that promotes xanthine oxidase-dependent oxidative stress independent of the enzyme conversion. The hypoxia-induced early increase in reduced pyridine nucleotides is one such possible mechanism by which xanthine oxidase could produce profound oxidative injury during a relatively short period of hypoperfusion. The current finding clearly showed that during low flow hypoxia intrahepatic NAD(P)H saturation precedes decreasing mitochondrial inner membrane potential, midzonal hydroperoxide formation, and centrilobular cell injury. It has been reported by Nishino and Tamura (25) that NADH is a potent inhibitor of xanthine dehydrogenase but not oxidase. It is therefore quite possible that, in a reductive state where intracellular NADH is elevated enough to block the dehydrogenase activity, naturally occurring oxidase-form enzyme may catalyze hypoxanthine and oxygen to yield oxygen radicals in incompletely oxygenated midzonal regions. It also appears that NADH oxidase activity of this enzyme may serve as a possible source of superoxide production (25) .
Another possibility that NAD(P)H participates in oxidative injury has recently been postulated by Jaeschke et al. (26) . They showed the effects of NADH on free iron release from ferritin which enhanced hepatic microsomal lipidperoxidation induced by allyl alcohol. Since iron released from ferritin is a possible factor that propagates superoxide-dependent intracellular hydroperoxide formation via the iron-catalyzed Fenton reaction (26) (27) (28) , the hypoxia-induced early NADH elevation may also facilitate iron-dependent oxidative injury in hypoperfused liver. We have recently observed that pretreatment with 2,2'-dipyridyl, a lipid-soluble iron chelator, completely abolished early midzonal DCF elevation and subsequent cell death (Suematsu et al., unpublished observation) .
In this study, a novel xanthine oxidase inhibitor, BOF4272, did not inhibit early NAD(P) H elevation or subsequent mitochondrial dysfunction, whereas it did significantly diminish xanthine oxidase-dependent free radical formation and cell necrosis. These results raise the question of whether the hypoxia-induced oxidative injury could be attenuated by another new intervention that directly modulates early reductive stress per se. Our findings suggest that PGE1 is a powerful therapeutic tool that can minimize paradoxical oxidative liver injury under hypoxic conditions. As shown by our in vitro experiments, PGE, is not a radical-scavenging reagent and has no inhibitory effects on xanthine oxidase. It is therefore conceivable that a protective action of PGE, on xanthine oxidase-mediated oxidative injury, distinct from that of allopurinol or BOF4272, may result from its preventive effects on early reductive stress and subsequent mitochondrial dysfunction. Our data suggest that this reagent may contribute to attenuation of xanthine oxidase-dependent oxidative injury, possibly by reducing NADH elevation and subsequent mitochondrial ATP degradation, which may facilitate the availability of hypoxanthine as a substrate for xanthine oxidase in incompletely oxygenated midzonal regions. PGE derivatives have been reported not only to attenuate various experimental models liver injury (29) (30) (31) , but also to improve the clinical prognosis of fulminant hepatitis (32) and to prevent primary nonfunction of transplanted liver (33) . However, the detailed mechanisms by which PGE, attenuates reductive stress and mitochondrial dysfunction in hypoxia have been quite unclear. Only a limited body ofthe previous experimental data showed that PGE, may attenuate hypoxia-induced mitochondrial dysfunction via its improving effects on blood flow in vivo (34) . However, our findings showing the relationship between early reductive stress (pyridine nucleotide autofluorescence) and the corresponding sinusoidal perfusion in situ (Fig. 3) suggest that PGE, can improve the viability of mitochondrial function independently of its vascular actions. Further investigation is required to elucidate the mechanism through which PGE1 attenuates reductive stress in the hypoxic liver.
